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MECHANISM OF THE OXIDATION OF TYROSINE BY
AMINO ACID OXIDASE OF SNAKE VENOMSt
It has been known since the studies of Neubauer in 1909 and of Knoop in
19107"' that the mammalian organism is able to degrade a-amino acids to
a-keto acids. Knoop advanced the hypothesis that this degradation involved
an oxidative deamination.' According to this hypothesis, the imino deriva-
tive of the amino acid is first formed in an oxidative step and, in turn, the
imino compound yields the corresponding keto acid in an hydrolytic step.
The imino acid intermediate, according to Knoop, may be in equilibrium
with its hydrated form:
R R R R
-2H ± +H20 -NHa
H2N-CH-COOH HN C-COOH = H2N-C-CH - O=C-COOH
-H20
In 1926 Dakin8 suggested the formation of an a,,8-unsaturated amino acid
intermediate during the oxidative deamination of a-amino acids. This pro-
posal was made in analogy with Knoop's theory of the ,8-oxidation of fatty
acids. Dakin also suggested that if such a mechanism were operative in the
oxidative deamination of a-amino acids, the initial stages of amino acid and
fatty acid metabolism would be essentially similar and could have certain
mechanisms in common. He noted that all protein amino acids, with the
exception of glycine, possess at least one hydrogen atom bound to the ,8-
carbon of the amino acid, and recognized the possibility of a tautomeric
equilibrium between the a,,8-unsaturated amino acid and Knoop's imino
acid intermediate:
R R
CH CH2
I'
H2N-C-COOH HN=C-COOH
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Bergmann and his co-workers' suggested, in 1925, that an aj3-unsatu-
rated compound may be the intermediate in the reverse reaction, the
physiological formation of alanine from pyruvic acid:
CH3
O=C-COOH
CH3
->
HN=C-COOH
CH2
-+ II
H2N-C-COOH
CH3
-->
H2N-CH-COOH
In 1935, Krebs1 showed that the deamination of a-amino acids by animal
tissues is indeed an oxidative reaction and that extracts of mammalian
tissues catalyze the deamination of D-amino acids. The reaction is accom-
panied by the uptake of a stoichiometric amount of oxygen, according to
the equation:
R
+ Y202->
O=C-COOH
+ NH3
The enzyme that catalyzes this reaction was obtained in purified form
by Negelein and Br6mel"8 in 1939 after Warburg and Christian,' in the
previous year, had isolated its prosthetic group and identified it as flavin
adenine dinucleotide. The purified enzyme preparation, however, catalyzed
an oxygen uptake (per mole amino acid oxidized) which was twice as
large as that observed by Krebs. This discrepancy was explained by the
presence of catalase in Krebs' preparation and the absence of catalase in
Negelein and Br6mel's preparation. Thus, the following schemes were
found to describe adequately the experimental findings:
Catalase present:
) R
H2N-CH-COOH + flavin + H20
) flavin-H2 + 02
H202
R
H2N-CH-COOH + Y202
Catalase absent:
(1) R
H2N-CH-COOH + flavin + H20
R
-* NH3 + flavin-H2 + 0-C-COOH
-+ flavin + H202
-*H20 + Y202
R
-* 0=C-COOH + NH3
R
I
-, NH3 + flavin-H2 + O=C-COOH
flavin-H2 + 02 -* flavin + H202
R
I
H2N-CFi-COOH
(1'
(2
(3)
(Sum)
(2)
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(3) R R
O=C-COOH + H202 COOH + CO2 + H20
(Sum)
R R
H2N-CH-COOH + 02 - COOH + NH3 + CO2
Whereas the oxidative mechanism of the deamination of a-amino acids,
postulated by Knoop and Dakin, was thus demonstrated conclusively, the
details of the oxidative process and the nature of possible intermediate com-
pounds have remained obscure. Either one of the two intermediates pro-
posed may be expected to be unstable and undergo rapid hydrolysis with
the formation of ammonia and the keto acid corresponding to the amino
acid substrate. It is currently and commonly assumed that the imino acid
proposed by Knoop is the intermediate in the reaction.'7
The possibility that the hydrogen on the pl-carbon of a-amino acids may
be involved in amino acid oxidations has, nevertheless, been considered
repeatedly since the original suggestion of such a mechanism had been
made by Dakin8 and Bergmann.8"6 Fleischer and Zeller9 reported that
a-amino acids lacking either the a-hydrogen or both 8-hydrogens are not
acted upon by ophio-L-amino acid oxidase. a-Aminoisobutyric acid (A),
DL-f,f4,ft-trimethylalanine (B) and DL-phenylglycine (C) were not deami-
nated by this enzyme.
CH3 C(CH3)3 C6H5
H2N-C-COOH H2N-CH-COOH H2N-CH-COOH
I
CH3
(A) (B) (C)
They suggested that the specificity patterns of two amino acid oxidases,
D-amino acid oxidase of mammalian organs and ophio-L-amino acid oxidase,
agree with the hypothesis of Bergmann and Dakin.
Indirect support for the participation of dehydroamino acids in inter-
mediate metabolism has also been forthcoming in the past. Because of the
low stability of the dehydroamino acids, work on the possible significance
and presence of these compounds in biological systems had to be restricted
to their stable acylated derivatives. Bergmann and Schleich discovered an
enzyme of rather wide distribution in animal tissues11 which specifically
hydrolyzes peptide bonds involving dehydroamino acids. It was also sug-
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gested by Bergmann and Fruton' that dehydropeptides may be formed
in vivo, in analogy with the in vitro reactions of keto acids with acid
amides,2
' followed by a reduction of the resulting acetyldehydroamino acid,
thus representing a possible path of peptide biosynthesis:
R-C-NH2 + O=C-COOH -- R-C-NH-C-COOH -+ R-C-NH-CH-COOH
11 11 11 11
0 CH2-R' 0 CH-R' 0 CH2-R'
Fruton, Simmonds, and Smith"0 have shown that several acetyldehydro-
amino acids are metabolized by growing cultures of Escherichia coli. These
studies have shown that derivatives of dehydroamino acids may have a
role in metabolic reactions.
EXPERIMENTAL
The present study was undertaken in an attempt to test the hypothesis that dehydro-
amino acids are formed during the enzymatic oxidative deamination of amino acids.
From the findings of Fruton, Simmonds, and Smith,"0 who observed that the character-
istic absorption bands of N-acetyldehydrotyrosine exhibit a marked shift in wave
length and increase in intensity when compared with the ultraviolet absorption spec-
trum of N-acetyltyrosine, it may be expected that similar bathochromic and hyper-
chromic effects will manifest themselves when a,P-unsaturation is introduced into the
free amino acid. The conjugation of the introduced chromophore with the resonating
aromatic ring should result in a comparable electronic interaction in either system,
manifesting itself by a much more intense benzenoid absorption shifted to longer wave
lengths.' Thus, the differing absorption behavior of tyrosine and its dehydro derivative
was taken as the experimental basis of the work which is the subject of this report.
Ophio-L-amino acid oxidase was selected because of its ready availability and its high
potency in catalyzing the oxidative deamination of aromatic amino acids.2'
A Beckman Model DU Spectrophotometer was used for all optical density measure-
ments. Silica cells with a 10 mm. light path were used. Measurements of optical density
changes during the enzymatic reaction were, in general, carried out by mixing the
components in a silica cell and placing the cell into the cell compartment of the instru-
ment. Optical density readings were then taken at known times after the mixing of
substrate and enzyme preparation. The instrument was usually set for 100% trans-
mission with buffer solution in the cell. It was ascertained that no two components
affected the light absorption of each other except a mixture of tyrosine and the enzyme
preparation. These tests included incubation of p-hydroxyphenylpyruvic acid with
venom, catalase, and ammonium chloride as well. Mixing of the keto acid with any one
or any combination of these components resulted in optical density readings close to
values expected on the basis of additivity of the optical densities of the individual
components. All such readings were independent of the time after mixing. The solu-
tions employed in each experiment were freshly made up except the enzyme solutions.
These were stored in the refrigerator and may have been a few days old when used.
Oxygen uptake measurements indicated no loss of activity resulting from such storage.
Determinations of enzyme activity were made by means of the conventional Warburg
manometric apparatus for measuring oxygen uptake.
270
Volume 27, February 1955Mechanism of tyrosine oxidation I TABORSKY
Ophio-L-amino acid oxidase was obtained by following exactly the procedure of
Singer and Kearney'1 for its purification from moccasin venom (Agkistrodon pisci-
vorus). Crude venom solutions or a preparation which was purified 15-fold were
employed in all experiments. No differences were observed between optical density
changes catalyzed by either enzyme preparation.
The phosphate buffer employed was prepared by mixing the appropriate volumes of
a KH2PO4 and of a K2HPO4 solution (0.05 M). The buffer contained also KCI
(0.06 M) in order to protect the enzyme from spontaneous inactivation, according to
the observations of Kearney and Singer.'
L-Tyrosine was a commercial preparation (Eastman) and was used without further
purification. N-Acetyldehydrotyrosine was prepared by the procedure of Bergmann
and Stern.' p-Hydroxyphenylpyruvic acid was prepared by a slight modification of the
procedure of Herbst and Shemin' for the preparation of phenylpyruvic acid. At the
end of the acid hydrolysis of acetyldehydrotyrosine the hydrolysate was treated with
Norite, and from the hot filtrate a good crystalline product was obtained. Synthetic
compounds were identified by their melting points and mixed melting points with
authentic samples.
Bothrops atrox venom and Agkistrodon piscivorus (moccasin) venom were obtained
from Ross Allen's Reptile Institute, Silver Springs, Florida. Catalase was obtained by
centrifugation of a crude commercial preparation (Armour). The clear supernatant
fluid was used.
RESULTS AND DISCUSSION
The ultraviolet absorption spectra of tyrosine, acetyldehydrotyrosine, and
p-hydroxyphenylpyruvic acid were obtained in a phosphate buffer contain-
ing KCl, pH 7.29, with points at intervals of 20A (Fig. 1). It will be seen
that under these conditions acetyldehydrotyrosine exhibits maximal absorp-
tion in the region of 290 m,u. For this reason, this segment of the spectrum
was selected for a study of the change in the absorption of a solution con-
taining L-tyrosine and snake venom preparation (Bothrops atrox, selected
for its reported high activity on tyrosine). Initial experiments revealed a
rapid rise in the optical density of the solution after mixing. These measure-
ments were made at wvave lengths between 290 and 310 mju; 300 mu was
finally selected for subsequent experiments as the wave length at which the
most marked optical density changes could be observed. It was established
that changes in optical density were dependent on oxygen uptake by bub-
bling oxygen and nitrogen, in turn, through the cell contents. It appeared
desirable to perform subsequent systematic experiments in the presence of
catalase, thereby stopping the reaction at the p-hydroxyphenylpyruvic acid
stage without further decomposition of the product. Subsequent experi-
ments were also performed using a purified enzyme preparation from
Agkistrodon piscivorus (moccasin) venom.
271YALE JOURNAL OF BIOLOGY AND MEDICINE
A series of experiments was performed to determine whether changes in
the optical density of substrate-enzyme solutions could be accounted for in
terms of concentration changes of substrate (tyrosine) and product
(p-hydroxyphenylpyruvic acid) alone. The optical density of a solution is
equal to the algebraic sum of the extinctions due to its various components:
(D = optical density, c = molar concentration, e = molar extinction co-
efficient, t = tyrosine (suffix), p = hydroxyphenylpyruvic acid (suffix),
i = initial (suffix), T = time)
D1+ D2 + D3+ .+ Dn =D
D = c.c
Cll + C2C2 + C3C3 + ...+ ±Cnn = D
If it is assumed that the optical density of the solution changes with time
only because the concentrations of tyrosine and p-hydroxyphenylpyruvic
acid and of no other compounds change, then:
dD dct dcp
dT fdT + PdT
cti = ct + cp = constant
-dD __dcp
,
dT dT t+p
or, more correctly, since the concentration of tyrosine decreases as the
concentration of p-hydroxyphenylpyruvic acid increases:
dD dcp (Ep_t)
dT dT
If the change of optical density with time is followed at two different wave
lengths, the ratio of the rates of these changes must be equal to the ratio of
the differences of the respective molar absorption coefficients, which is a
constant:
dDxl dc,
dT _ dT (Epx1 - EtXl) (Epxl-txl)
dDx2 dcp X (CpX2 - EtX2) (CpX2 - EtX2)
dT dT
In Figure 2 the data obtained in such an experiment are shown graphically.
The wave lengths were selected after inspection of the data shown in
Figure 1. It is apparent that the ratio of the rates of the optical density
changes is not constant throughout the experiment. The ratio AD246/AD3oo
varied between 1.6 at 0.5 min. and 2.4 at 4.0 min. It follows from these
data that if Beer's law is obeyed by tyrosine and p-hydroxyphenylpyruvic
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acid at the given concentrations, then the spectrophotometric results cannot
be accounted for by the formation or disappearance of p-hydroxyphenyl-
pyruvic acid and tyrosine alone. Rather, the results indicate the formation
of at least one more molecular species. Furthermore, it may be suggested
that if this additional molecular species is being formed more rapidly during
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FIG. 1. The U.V. absorption spectra of
tyrosine, acetyldehydrotyrosine, and p-
hydroxyphenylpyruvic acid. All com-
pounds were dissolved in 0.05 M phosphate
buffer (pH 7.23) containing KC1 (0.06
M). Curve 1, acetyldehydrotyrosine; curve
2, p-hydroxyphenylpyruvic acid; curve 3,
DL-tyrosine.
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FIG. 2. Optical density vs. time at
246 m,u and 300 mAt in tyrosine-purified
moccasin venom-catalase system. Refer-
ence cell: 1.3 ml. 0.05 M phosphate buffer
(pH 7.22) containing KCl (0.06 M). Re-
action cell: 1.0 ml. 1.3 mM L-tyrosine
solution (in above buffer), 0.2 ml. puri-
fied enzyme solution (equivalent to 1 mg.
of crude venom based on 02 uptake
measurements), 0.1 ml. catalase solution.
Enzyme was added at zero time. Optical
density values plotted represent increase
over the sum of the optical densities of
tyrosine and enzyme solutions at the con-
centrations at which they were present in
the reaction cell at zero time. Curve 1,
246 m,u; curve 2, 300 m,.
the very early stages of the reaction, building up toward a steady state
concentration, then the data are consistent with the formation of a com-
pound absorbing more strongly at 300 m,u than at 246 mu.
In considering the significance of the data, attention must be given to
some details of the experimental procedure. It was necessary to follow the
optical density changes at the two wave lengths in turn, involving the use
of different but identically prepared reaction mixtures. In every instance,
two time curves of optical density changes were obtained immediately, one
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after the other. The room temperature at which the measurements were
made was constant during a set of measurements within 0.20 C. The solu-
tions were allowed to equilibrate with the room temperature. Duplicate
experiments yielded data agreeing within 0.004 optical density units at
corresponding times after mixing. It was found that reproducible data could
be obtained if the components of the reaction mixture were mixed by stir-
ring for a definite length of time and if the cells were left uncovered without
any further attempt to control the oxygen uptake by the solution. Bubbling
of a stream of air through the solution between readings did not lead to
reproducible data. In view of the very satisfactory agreement of duplicate
experiments in which optical density changes at the same wave length were
TABLE 1. EFFECT OF HYDROGEN PEROXIDE ON THE OPTICAL DENSITY OF A
p-HYDROXYPHENYLPYRuvIC ACID SOLUTION.
Conditions: reference cell: 1.3 ml. 50 mM phosphate buffer, pH 7.22,
containing 60 mm KCl; reaction cell: 1.0 ml. 0.65 mm p-hydroxyphenyl-
pyruvic acid solution (in above buffer), 0.2 ml. buffer, 0.1 ml. 13 mm
hydrogen peroxide solution.
Time (minutes) 0 1 2 5 10 15 20
Optical density
(300 m,u) 0.486 0.472 0.463 0.443 0.420 0.396 0.374
measured, it is reasonable to assume that the reproducibility of the reaction
rates was just as satisfactory when the optical density changes were fol-
lowed at different wave lengths. Hence, the difference between ratios of 1.6
and 2.0 or larger must be considered significant. It was also found that if
the concentration of enzyme preparation was varied, the 246 mu/300 mu
ratio of optical densities was lowered with increasing enzyme concentration.
Thus, the concentration of the substance absorbing preferentially at 300 mpA
must have increased if the enzyme concentration was increased.
A second series of experiments provided support for the suggestion that
while the optical density increase at 246 mu during the reaction is mainly
due to the formation of p-hydroxyphenylpyruvic acid, the optical density
increase at 300 mp, especially during the first few minutes of the reaction,
is due to a compound different from p-hydroxyphenylpyruvic acid. It was
found in a control experiment that if hydrogen peroxide was added to a
p-hydroxyphenylpyruvic acid solution, the optical density at 300 mj& of such
a solution decreased steadily with time (Table 1). The effect of the addition
of hydrogen peroxide to the usual reaction mixture containing tyrosine and
enzyme was now observed by measuring optical density changes at 300 m,A
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and at 246 m. The portions of interest of the time curves obtained are
reproduced in Figures 3 and 4. In Figure 3 the optical density changes
measured at 300 m,u are summarized. It is apparent that until two minutes
have elapsed after the mixing of the components, the presence of hydrogen
peroxide, formed by the reaction itself (no added catalase or peroxide,
Curve A) or added to the reaction mixture (Curve B) at zero time, shows
no spectrophotometrically detectable effect on the rate of the reaction when
us 0.20
0.15-
z 0.10
40.05
MINUTES
FIG. 3. Optical density changes at 300
myA in the absence and presence of hydro-
gen peroxide. Conditions are identical
with those of the experiment represented
in Figure 2 except that the 0.1 ml. of
catalase solution was replaced by either
0.1 ml. of buffer or 0.1 ml. of 0.013 M
H202 solution, as indicated. Optical den-
sity values plotted represent increase over
sum of optical densities of tyrosine, amino
acid oxidase and catalase, or H202 solu-
tions at the concentrations at which they
were present in the reaction cell at zero
time. 0, no additions; ., H202 added;
x, catalase added.
w
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, Q25_ 4~~~~~~
-020-
t-
z 0.15-
0.10-
00.05
0.000 I 2 3
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FIG. 4. Optical density changes at 246
m,u in the absence and presence of hydro-
gen peroxide. Conditions are identical
with those given in Figure 3.
compared with the reaction curve of the system containing catalase (Curve
C). In view of the results of the control experiment (Table 1) it appears
that the optical density increase at 300 mn& during the first part of the
reaction, as given in Figure 3, is due in large measure to a substance differ-
ent from the keto acid. The definite breaks in the slopes of curves A and B
at2y2 minutes, continuing beyond the 3 minutes shown on the graph, could
be due to a leveling-off in the concentration of this compound while the
product, p-hydroxyphenylpyruvic acid, increases in the presence of catalase
(Curve C) or is decomposed to the less strongly absorbing p-hydroxy-
phenylacetic acid by the hydrogen peroxide formed by the reoxidation of
the reduced flavin by molecular oxygen (Curve A), or is decomposed at an
even faster rate by the added peroxide (Curve B). Figure 4 summarizesYALE JOURNAL OF BIOLOGY AND MEDICINE
the optical density changes measured at 246 m,u. It is apparent that, from
the start of the experiment, there is a definite difference in the rates of the
optical density changes measured in the presence of catalase or in the
presence of peroxide. Employing the same reasoning as in the interpretation
of Figure 3, it may be inferred that the optical density at this wave length
is probably largely due to the keto acid, which is being transformed into a
less absorbing compound by hydrogen peroxide. The reproducibility of
these results was found to be as satisfactory as that of the data obtained in
the previous experiments. It should be noted that the addition of hydrogen
peroxide introduces a compound which absorbs light in the ultraviolet
region, but the extinction coefficients of H202 at the wave lengths em-
ployed"9 and the concentration changes involved (1 mole of hydrogen
peroxide destroyed per mole of p-hydroxyphenylpyruvic acid decomposed)
are such as to leave the large optical density changes observed relatively
unaffected. It is also known that U.V. irradiation of a hydrogen peroxide
solution in the Beckman DU spectrophotometer causes no decomposition.'
It should be added that whether crude Bothrops atrox venom, crude
moccasin venom, or purified moccasin venom was employed as the enzyme
source, the corresponding data were qualitatively the same. Quantitatively,
the results with moccasin venom show smaller effects but this would be
expected since the L-amino acid oxidase of Bothrops atrox venom is known
to be especially active toward tyrosine.' It should also be noted that the
spectrophotometrically observable effects followed the purification of the
enzyme quantitatively. Nearly identical curves were obtained using crude
moccasin venom or a purified enzyme solution in amounts which catalyzed
the same amount of oxygen uptake in the Warburg manometric apparatus.
Although these data offer support to the hypothesis that the enzymic
oxidation of L-tyrosine by ophio-L-amino acid oxidase involves the inter-
mediate formation of an a,,8-unsaturated compound, definite proof for this
view requires further evidence. This is being sought in experiments
designed to demonstrate the labilization of the hydrogen at the fl-carbon of
the amino acid. Since a,4?-unsaturated amino acids are known to be unstable
in aqueous solution, it may be surmised that if such a compound is formed
in the reaction under study, it may be partially stabilized by its attachment
to the enzyme protein.
SUMMARY
Spectrophotometric data have been presented to show that, in addition to
L-tyrosine and p-hydroxyphenylpyruvic acid, at least one molecular species
is formed when L-tyrosine is incubated with ophio-L-amino acid oxidase in
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the presence of catalase. The concentration of such a compound (or com-
pounds) appears to increase rapidly after mixing of enzyme and substrate
and to level off within a few minutes. This compound (or compounds)
exhibits characteristic light absorption in the 300 m,u region more inten-
sively than in the 246 m, region. It is proposed that the intermediate forma-
tion of the a,/8-unsaturated amino acid in the oxidative deamination of
L-tyrosine by ophio-L-amino acid oxidase would be consistent with the
experimental data presented.
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